A novel integrated on-chip wavelength-based beam emitter is proposed and fabricated to realize two-dimensional optical scanning. By combining both wavelength division filters and emission array, 80 × 8 far-field optical beam spots are achieved with a field of view of 6°× 4°. Both collimation and projection modes are tested and 64 wavelength channels are realized in 10 nm bandwidth from 1550 to 1560 nm. This device can be used for LIDAR, optical wireless communication, and high-speed infrared imaging applications.
Introduction
Optical beam scanners have attracted great attention in recent years due to their potential use in a broad range of applications, like high-speed optical communication [1] , [2] , laser mapping [3] and laser imaging [4] . Traditional optical beam steering systems use electrical motors to scan a laser beam over an area [5] , which limit the scanning rate and increase the cost. Integrated photonics provide a path for low-cost and non-mechanical beam steering systems. Silicon photonics, due to its complementary metal-oxide-semiconductor (CMOS) compatibility potentially enable on-chip beam scanners with high volume and low cost [6] . Optical phased arrays (OPAs) using silicon photonics have been proposed as a promising architecture to achieve beam steering [7] - [14] . OPA is generally composed of an array of optical phase shifters and emitters. By tuning the phases of emitters, the emitted light interferes constructively in the far field at certain angles. However, in order to achieve larger angular resolution, the number of antennas and phase shifters will be very huge. In this case, it will be very difficult to increase the space between phase shifters to avoid thermal crosstalk and high power consumption will be an issue at the same time. A 2-dimensional (2D) optical waveguide phased array containing 4096 emitters was developed [15] . Although a total of 4096 emitters are placed in the array, only 64 of them have the corresponding thermo-optic phase shifter. To reduce the complexity of tuning system, some OPAs use wavelength tuning to steer the second dimension [16] , [17] in a simple way or purely use wavelength tuning to steer a beam in 2D [18] .
In this paper, a wavelength based 2D beam emitter is realized using a standard silicon photonics fabrication process. The approach to achieve 2D scanning for the device is through wavelength tuning and wavelength-to-space mapping. In this case, a large scanning angle in 10 nm wavelength range can be realized. At the same time, no complicated adjustment system is required during the scanning process to adjust the voltage to achieve phase control. This wavelength-to-space mapping device consists of two main parts, filter module and optical emitter array. Filter module which consists of Mach-Zehnder interferometer(MZI) and micro-rings array is used to divide input light into different wavelength-band and send them to the emitter array. Then the light from different emitters is fed into free space. Thus the optical beam can be scanned by simply changing the input wavelength. Each beam emitted from the device is different in space, time and wavelength domain, which gives the device a lot of advantages that can be exploited. For instance, it can achieve variable scanning rate and can realize arbitrary spatial coding of the beams.
Design

Device Components
The structure of the silicon photonics integrated device is shown in Fig. 1 . The left-most end of the device is the input coupler whose function is to couple the input light from fiber into waveguide on device. Then the light enters into three-stage cascaded MZIs. Electrodes are applied to the upper arm of each stage of MZI, which is a 2 μm-wide and 140 μm-long resistive TiN wire. When a voltage is applied to the wires, heat is generated and the refractive index of upper arm is changed, the phase of MZIs' response curve changes accordingly. The output ports of cascaded MZIs are also marked in Fig. 1 . Light with the same wavelength as the resonant peak of micro-ring enters the corresponding emitter from the drop end of the micro-ring. And then it is emitted into free space. Light of other wavelengths still travels forward, repeating the previous process to the next micro-ring. The optical scanners which use MZIs or micro-ring as optical switches and use lens to control the beam direction have been demonstrated many times in recent years [19] - [21] . 
Filter Module:
Filter module is used for wavelength division. Three-stage cascaded MZIs and array of micro-rings are combined to achieve filtering process. The free spectral range (FSR) of the first, second and third stage MZI are set to be 2.5 nm, 5 nm and 10 nm respectively. After MZI chain there are eight output ports, 3 dB bandwidth of each port is 1.25 nm and each output port is followed by eight cascaded micro-rings whose resonant wavelengths are all different. Thus a total of 64 micro-rings are placed on the device, they are arranged into an 8 × 8 rectangular array. Through the filter module, 64 light beams with different wavelengths are emitted from different positions on the device.
One characteristic of this structure is to relax the precision of the micro-ring fabrication process. It is known that the process error will have greater influence when the ring radius gets smaller. The relationship between the wavelength error of resonant peak and the processing error is as follows.
λ is the deviation of the resonant wavelength of micro-ring, λ is the resonant wavelength, R is the radius of micro-ring and R is the error of radius, n is the effective refractive index of waveguide and n is its error. It can be seen from the formula that when the process error R is determined, the larger the radius R of the micro-ring, the smaller the deviation λ of the resonant peak.
In our design, the FSR of the micro-ring can be a little bit larger than the bandwidth of the cascaded MZI output (1.25 nm), instead of greater than the entire 10nm wavelength range, which can greatly increase the radius of the micro-ring. The difference in the resonant wavelength between adjacent micro-rings in one MZI output port is set to be 0.16 nm, which will be slightly different from the design value because of the existence of processing error.
The waveguide on the device is 450 nm wide and 220 nm high, the group refractive index of the waveguide is about 4.26 at 1550 nm and the effective refractive index is about 2.33. Thus it can be calculated that the length difference of the two MZI arms L of the first stage MZI is 225.6 μm, the L of the second stage MZI is 112.8 μm, and the L of the third stage MZI is 56.4 μm, Electrodes are fabricated on MZI upper arm waveguide. By adding voltage to the electrodes, we can heat the waveguide and change the phase.
The radius of the micro-rings is about 30 μm. The spacing between the ring waveguide and the straight waveguide is set to be 300 nm. According to the simulation results by FDTD, the 3dB bandwidth of the micro-ring can reach 0.1 nm in this case, Fig. 2(a) shows the simulated result of a single micro-ring, and Fig. 2(b) shows the simulated result after the micro-ring is cascaded with three-stage cascaded MZIs. It's shown that the FSR of single micro-ring is enlarged and only one resonant peak lives in 10 nm bandwidth. efficiency of gratings, it can be obtained that the emission efficiency of gratings is 44.67% by FDTD simulation, the coupling efficiency here refers to the ratio of the light power emitted out from the grating to the input light power. The average FWHM spot size of the emitter is about 10 microns. The emitter array consists of 64 such gratings which are arranged into 8 × 8 rectangular array. The transverse and longitudinal space between adjacent emitters are 100 μm and 150 μm respectively. Theoretically, as long as space permits, the emitter array can be arranged in any desired shape, thus the output beams can also be scanned with any shape for different applications.
Device Structure
Layer Structure:
The SOI device is fabricated using IMECAS's wafer fabrication platform, a cross-section of the layer structure of silicon photonic integrated device is shown in Fig. 3 . The bottom layer of the device is the silicon substrate. A 2 μm-thickness layer of SiO 2 is deposited on the silicon substrate. Above it is a 220 nm-thickness layer of silicon, waveguide and gratings are formed in this layer. The waveguide has a width of 450 nm and a height of 220 nm. There is a layer of SiO 2 with a thickness of 1 μm on top of the patterned silicon layer. Heater electrodes are formed in a thin film of TiN deposited on top of the SiO 2 layer. The pads and wiring lines are formed in AlCu deposited on the heater electrodes.
Device Package:
The packaged device is shown in Fig. 4 . A fiber is attached to the input coupler of device, and the device is mounted on a printed circuit board which gold wires are attached on. Needle array is used to connect printed circuit board to the voltage control circuit to adjust the phase of each MZI. Device lies on a copper substrate, bonded together with silver paste. A thermoelectric cooler (TEC) is lined under the copper substrate to give feedback to the temperature change of the device, so that the temperature of the device remains basically the same. The main source that makes device temperature change is the heater on the MZI, which leads to change in refractive index and characteristics of the structure. The packaged device is small and easy to transfer, its placement can be changed according to the specific application scenario and environment.
Experimental Results
Filtering Results
The responses of each stage of MZI and one output port of cascaded MZIs are shown in Fig. 5(a)-(d) . Port1 and port2 in the figure represent the two output ports of MZI. Port1 refers to the upper port, and port2 refers to the lower port. It can be seen that the spectrum of cascaded MZIs fits well with the design.
Response curves of micro-rings are shown in Fig. 6(a) . The transmission spectrum is on the drop port of the ring. It can be seen from the results that the 3dB bandwidth of each micro-ring is about 0.1 nm, resonant peaks of 64 micro-rings are staggered in the wavelength range of 10 nm. The average Q of the micro-rings is 1.93 × 10 4 and the average FSR of the micro-rings is 3.05 nm. The corresponding relationship between wavelength and ports of cascaded MZIs is shown in Fig. 6(b) . In order to describe the performance of the device more clearly, the resonant wavelength and insertion loss of 64 resonant peaks are listed in Table 1 , and the channel isolation of scanning is Insertion Loss   TABLE 2 Channel Isolation listed in Table 2 . The rows and columns in the tables correspond to the rows and columns of the micro-rings array in Fig. 1 . The number increases from left to right and from top to bottom. The order of ports is arranged from top to bottom according to the layout. The power required to tune the MZI heaters are listed in Fig. 7 . The total electric power applied on the device is about 174 mw. 
Scanning Results
Two types of working mode (collimation and projection) were tested by locating the lenses at different positions, as shown in Fig. 8 . The pixel array of the infrared CCD is 640 × 512, and the size of each pixel is 20 μm, so its photosensitive area is 1.28 × 1.02 cm 2 . A mode-locked laser with center wavelength 1555nm and bandwidth larger than 15nm is used as the light source. Collimation is achieved by setting the distance between the lens and the chip equal to the focal length. In this case, the light beams emitted from the device become collimated beams after passing through the lens, which can be used for scanning large depth of field, for example, Lidar or optical wireless communications [22] , [23] . Range of scanning angle is determined by the position of the emitter with respect to the optic axis of the lens and the focal length of the lens. The other way to achieve scanning is projection, small light spots appear in image plane of the system and then the beam continues to diverge after passing through the image plane, which makes it suitable for applications with small depth of field but high scanning resolution like laser imaging.
Collimation:
In order to obtain a larger scanning angle, a lens with 1cm focal length is chosen and the distance between lens and device is set to 1cm too. As mentioned above, beams are collimated after passing through the lens, so the divergence angle is quite small and the size of beams can be sustained for a long distance. Distribution of beams collected by an infrared CCD (Bobcat-640-CL manufactured by xenics) at a distance of 10 cm from lens is shown in Fig. 9 . The FWHM spot size of the beam is about 0.32 degrees and the space between nearby beams in θ and ϕ direction are 0.57 degrees and 0.86 degrees. The divergence angle of each beam is 0.1°and the range of scanning angle is 6°× 4°in such case.
Projection:
Firstly, lens with a focal length of 3 cm is placed 3.3 cm away from the device, the infrared CCD is placed on the image plane of the system. In this case, the magnification rate is 10. As shown in Fig. 10(a) , the lateral distance between the spots is 1 mm and the longitudinal distance is 1.5 mm. an area of 8 mm x 10.5 mm can be covered by spots array. 20 times magnification is also tested by locating the lens at a distance of 3.15 cm from the device, the lateral distance between the spots become 2 mm and the longitudinal distance become 3 mm this time. The size of the entire array has exceeded the photosensitive area of the CCD, so only a part of the spots array can be seen on CCD, as shown in Fig. 10(b) .
Summary and Conclusion
A 2D wavelength-scanning device based on silicon photonic integrated technology is proposed and demonstrated. This kind of wavelength-to-space mapping device can realize 2D high-speed scanning simply by changing the input wavelength. Filter module and emitter array are two main parts of the device. The rate of scanning can be variable from kilo-Hz to Mega-Hz by wavelength scanning lasers [24] , [25] or time-stretch technologies [26] , [27] . However, traditional tunable lasers have complex structures and high cost. In contrast, integrated wavelength-tuned lasers will be a better choice [28] - [30] . They are small in size, simple in structure and can be integrated with our device. The range of scanning angle and scanning resolution can also be adjusted by the parameters of lens system used. In addition, the device is also easy to operate and small in size. At present, this device is processed on SOI platform and can only obtain 64 scanning points. The number of scanning points is mainly limited by the effect of filtering, to obtain more scanning points, the resonant peak bandwidth of the micro-ring needs to be narrower. However, as mentioned above, due to the existence of processing error, narrow bandwidth will lead to the splitting of resonant peaks. Compared to the silicon waveguide, the refractive index difference between the core layer and the cladding layer in silicon nitride waveguide is smaller, therefore, its turning radius is larger, which means the processing error has less influence on the result. A narrower bandwidth of resonant peak can be achieved with silicon nitride platform, thus more scanning points can be obtained, which can greatly improve the performance. This is the next part of our future work. To sum up, this integrated wavelength-space distribution device has a promising prospect to play important roles in many applications, such as Lidar, optical wireless communication and ultra-high-speed imaging.
